Objective: To examine the relationship between markers of vascular dysfunction and neurodevelopmental outcomes in perinatally HIV-infected (PHIVþ) and perinatally HIV-exposed but uninfected (PHEU) youth.
Background
Although the neurodevelopmental impact of perinatal HIV infection has been a concern since the first descriptions of pediatric HIV [1] , questions remain regarding its physiological underpinnings. In the USbased Pediatric HIV/AIDS Cohort Study (PHACS), perinatally HIV-infected (PHIVþ) youth without history of Center for Disease Control and Prevention (CDC) class C event and perinatally HIV-exposed but uninfected (PHEU) youth achieved mean Wechsler Intelligence Scale for Children-Fourth Edition (WISC-IV) Full Scale IQ (FSIQ) scores in the low average range. Youth with prior class C event, particularly HIV encephalopathy, had even lower mean WISC-IV scores, suggesting significant impact of HIV disease severity. However, youth with a class C event, with or without encephalopathy, were at higher risk for processing speed deficits than their healthier PHIVþ or PHEU peers [2] , suggesting that processing speed may be more susceptible to systemic effects of immune deficiency than other measured neurodevelopmental domains.
The relatively poor neurodevelopmental outcomes of both PHIVþ and PHEU youth suggest a possible role of psychosocial factors frequently associated with maternal HIV infection (e.g. poverty, nutrition, unstable housing) [3] . However, a physiological vulnerability for such outcomes may exist even before birth, as the developing fetus becomes exposed to an immune-dysregulated milieu in utero, possibly with long-term adverse impact on brain development, affecting neurodevelopmental outcomes for both PHIVþ and PHEU youth.
We have previously reported significant inverse correlations of blood levels of soluble P-selectin (sP-selectin) and fibrinogen with WISC-IV scores in 89 PHIVþ youth enrolled in the PHACS [4] . This finding suggested clinically relevant interactions between some of the microvascular cascades involving these biomarkers and the developing brains of PHIVþ youth. However, the study sample was enriched for dyslipidemia, which could have confounded the results given its reported association with both sP-selectin and fibrinogen in HIVþ children [5] . Further, it is not clear whether the observed correlations are specific for PHIVþ youth or extend to PHEU youth as well.
Here we present the results of analyses examining relationships between serum levels of the same nine candidate biomarkers and neurodevelopmental outcomes in a larger cohort of PHIVþ youth as well as a sample of PHEU youth. We hypothesized that serum levels of sP-selectin and fibrinogen would be inversely correlated with WISC-IV scores, in both PHIVþand PHEU youth. On the basis of previous findings from PHACS [2] , we also hypothesized that processing speed would be the most sensitive domain of the WISC-IV with respect to such associations.
Methods

Participants
The Adolescent Master Protocol (AMP) of the PHACS is a longitudinal, prospective cohort study that enrolled youth from March 2007 to November 2009 at 15 sites in the US including Puerto Rico. Children aged 7 to below 16 years and born to HIVþ mothers were eligible for enrollment into AMP. The present analysis included both PHIVþ and PHEU AMP participants who had vascular biomarkers evaluated from blood samples as part of an assessment of vascular dysfunction among those with and without hyperlipidemia [5] , as well as evaluations of neurodevelopmental status at their entry visit.
The Institutional Review Boards at all clinical sites and the Harvard School of Public Health (Statistical and Data Management Center) approved the protocol, and informed consent from the parent(s) or guardian(s), and assent from the participants (when appropriate) were obtained.
Procedures
Study assessments
At study entry, a complete physical exam was conducted with collection of body measurements and blood samples. Assessment of serum lipid levels for both PHIVþ and PHEU participants in the PHACS protocol was described in a previous related publication [5] . For PHIVþ participants, measurements of CD4 þ T cells and HIV-1 RNA (viral load) were obtained along with lifetime history of antiretroviral therapy (ART) use, HIV disease severity as reflected by CDC disease class, nadir CD4%, and peak viral load. Maternal, primary caregiver ('caregiver'), and household characteristics were collected by caregiver interview.
Assessment of the biomarkers
Serum levels of nine biomarkers were assessed, including soluble monocyte chemoattractant protein/CCL-2 (referred to as sMCP-1), interleukin 6 (IL-6), C-reactive protein (CRP) (pro-inflammatory markers) [6] [7] [8] , soluble vascular cell adhesion molecule-1/sCD106 (sVCAM-1), soluble E-selectin/sCD62E (sE-selectin), soluble intercellular adhesion molecule-1/sCD54 (sICAM-1) (endothelial activation markers) [8] , fibrinogen (procoagulant state and inflammation marker) [8, 9] , sCD62P (sP-selectin) (procoagulant state and endothelial activation marker) [8] [9] [10] , and adiponectin (modulator of endothelial inflammatory response and a metabolic marker) [8] [9] [10] . Biomarker assays were only conducted in those participants who were assessed to have adequate volumes of repository specimens, as described elsewhere [5] . The measurement methodology for each biomarker and intra-assay and inter-assay coefficients of variation have been previously described [4] .
Assessment of neurodevelopmental outcomes
Children enrolled in AMP were administered the WISC-IV [11] at AMP study entry. Ten subtests of the WISC-IVare combined to yield four index scores: verbal comprehension, perceptual reasoning, working memory, and processing speed, and an overall composite score, the FSIQ. These are standardized scores based on the general US population (with mean ¼ 100, SD ¼ 15). Study psychometrists or psychologists administering the tests completed validity ratings. Only assessments which were considered valid were included in the analyses. Behavioral evaluations were also conducted for our study population, using the Behavior Assessment System for Children, Second Edition (BASC-2) [12] , but the BASC-2 scores were not the focus of the present analysis.
Study participant characteristics
The following demographic covariates were considered in our analyses: participant age, sex, race, ethnicity, primary language, caregiver education, household income, relationship of participant and caregiver, hyperlipidemia status, BMI z-score, serum lipids [highdensity lipoprotein (HDL), low-density lipoprotein (LDL), total cholesterol, and triglycerides], body composition measures assessed by dual energy X-ray absorptiometry (total body fat percentage, trunk fat percentage, trunk-to-extremity fat ratio), fasting glucose and insulin, and log homeostasis model assessment of insulin resistance. For models restricted to PHIVþ participants, we also considered receipt of HAART, protease inhibitors or non-nucleoside reverse transcriptase inhibitors, CDC HIV disease class, current CD4 þ cell count, current and nadir CD4 þ percentage (CD4%), log viral load, and log peak viral load.
Statistical methods
The cross-sectional analysis included youth participating in AMP who had a valid WISC-IV or BASC-2 and biomarker blood levels taken less than 6 months apart. Participants with CRP values above 10 mg/l were excluded from analyses because of high likelihood of an acute infection at the time blood was obtained. Biomarkers were log-transformed when necessary to reduce influence of outliers.
Linear regressions
We first fit separate sets of linear regression models for each biomarker with FSIQ as the outcome variable. We identified additional characteristics associated with FSIQ at significance level P less than 0.20, and fit-adjusted models including these characteristics as well as HIV status. We then used backwards selection models and retained covariates with P less than 0.15. This process was repeated restricted to PHIVþ participants, including HIV-specific clinical covariates. To explore whether HIV infection status modified the effect of the biomarker on the outcome, we fit regression models that included HIV infection status, the biomarker measurement, and an interaction term of these two covariates, adjusting for covariates selected previously.
Factor analyses and structural equation models
The results of the linear regressions indicated that some relationships between biomarkers and FSIQ previously reported as significant in PHIVþ youth [4] were not observed in this larger sample, but possible interactions with HIV status were noted. We therefore expanded our statistical approach to account for the fact that multiple biomarkers may reflect related signaling pathways. We conducted a factor analysis to reduce the nine biomarkers to a smaller number of latent factors. We then built SEMs to measure associations between the resulting factors and neurodevelopmental outcomes.
Factor analysis
Perinatally HIV-infected and PHEU participants were pooled for the analysis. Records with missing data for one or more biomarkers were omitted from the analysis. A z-score transformation (after log transformation, when appropriate) was used to standardize biomarker measurements. Factor analysis equations were solved using the principal components and the maximum-likelihood methods [13] . The squared multiple correlations were used as the initial estimate of communality for each variable. For each method, the factor loadings were calculated with no, varimax, and oblique varimax rotations. Scree plots and cumulative variance plots were generated to help select the appropriate number of factors. To check the stability of results, the dataset was divided into two random halves and for each method factor loadings were calculated for each half. For each factor, we identified those biomarkers that loaded with absolute value above 0.30 on the factor in the full dataset and (when convergent) the random halves of the dataset.
Structural equation models
The resulting factors were evaluated for association with the neurodevelopmental outcomes via SEMs from standardized path estimates. Each WISC-IV index score and the FSIQ were considered in a separate SEM model. A model with a latent variable representing neurodevelopmental status as the outcome (with four underlying index scores) was also fit. Each SEM was fit among all study participants and separately for each of the PHIVþ and PHEU cohorts. The models involving only PHEU youth did not converge and are not reported here. Model fit was assessed using the Comparative Fit Index (CFI) and root mean square error approximation (RMSEA). Adequate fit is generally described as having a CFI greater than 0.9 and RMSEA less than 0.05. SEMs were also fit adjusting for key covariates described above. As before, analyses with only PHIVþ youth included HIV-specific covariates. SEM analyses were performed in SAS 9.3 using Proc CALIS. All other analyses were performed using SAS 9.2 (SAS Institute, Cary, North Carolina, USA).
Results
Participant characteristics
Among 678 perinatally HIV-exposed (451 PHIVþ and 227 PHEU) AMP participants, 371 had vascular biomarkers measured. Of these, 342 participants (212 PHIVþ and 130 PHEU) had at least one valid WISC-IV within 6 months of their biomarker and CRP 10 mg/l or less and were included in the analysis. Demographic and clinical characteristics of the 342 participants included in the analysis ( Table 1) were representative of the full cohort (n ¼ 678) [5] .
Biomarkers
All biomarkers had right-skewed distributions (and were thus log-transformed for statistical analysis) except sICAM-1 and sE-selectin. In unadjusted comparisons, PHIVþ participants had significantly higher levels of sMCP-1 (P ¼ 0.014), sVCAM-1 (P <.001), sICAM-1 (P ¼ 0.019), and fibrinogen (P ¼ 0.003), and lower levels of sE-selectin (P ¼ 0.008) than PHEU participants; the remaining four biomarkers did not differ by HIV status ( Table 2) .
Neurodevelopmental outcomes
The four WISC-IV index scores and FSIQ were approximately normally distributed. The mean scores were in the low average-average range (86-90) and did not differ significantly by HIV status ( Table 2) .
Relationships between biomarkers and neurodevelopmental outcomes
Individually, none of the nine candidate biomarkers showed significant relationships with FSIQ in linear regression models, both overall and in the models restricted to PHIVþ participants alone. The relationships remained nonsignificant after adjusting for caregiver 358 AIDS 2014, Vol 28 No 3 education and household income and forcing BMI z-score into the model for adiponectin (P > 0.05).
In adjusted models that contained PHIVþ and PHEU participants, PHIVþ status was not associated with FSIQ (P-value >0.40 for all biomarkers).
There was a significant interaction effect between log (adiponectin) and HIV infection status on FSIQ (P ¼ 0.004). A unit increase in log 10 (adiponectin), adjusted for caregiver education and BMI z-score, was associated with a 2.07 unit increase in FSIQ in PHIVþ participants (P ¼ 0.05), but was associated with a 3.97 unit decrease in PHEU participants (P ¼ 0.04).
Factor analysis
Among 342 participants with biomarker measurements, three were missing at least one biomarker, leaving 339 participants available for the factor analysis. Kaiser's measure of sampling adequacy was calculated as K ¼ 0.63, above the acceptable threshold of 0.5 or 0.6 [14] . Scree plots suggested models with three or four factors.
Results of the factor analyses are shown in Table 3 . The four-factor principal component analysis and three-factor maximum likelihood analysis gave consistent results, suggesting one factor (F1) for fibrinogen, CRP, and IL-6; one (F2) for sICAM-1 and sVCAM-1; and one (F3) for sMCP-1, P-selectin, and sE-Selectin. The four factor model identified using principal component analysis had a high loading factor only for adiponectin (0.90), and low loading factors (<0.40) for all other biomarkers. These models explained 65 and 38% of the biomarker variance, respectively. The suggested three factors and adiponectin were used as the predictors of neurodevelopmental outcomes in the SEMs.
Structural equation models
In models with FSIQ, verbal comprehension, perceptual reasoning, working memory, and latent neurodevelopmental variable, there were no significant associations factor loadings for factors 1-3, respectively. Communality is defined as the sum of the squares of the factor loadings for a variable. All factor loadings rotated using an oblique varimax rotation. Variables that have loading factor above 0.30 or below À0.30 on the combined cohort are in bold face (models did not converge on separate halves of the dataset).
between any of the factors or adiponectin and these outcomes in any of the models, adjusted or unadjusted (Table 4 ).
In models for the processing speed outcome in the total cohort, F1 (reflecting CRP, IL-6, and fibrinogen) was negatively associated with processing speed in both an unadjusted model and a model adjusting for HIV status, caregiver income, and BMI z-score (adjusted estimate ¼ À0. 19 , P ¼ 0.014) ( Fig. 1 ). This finding persisted when restricted to PHIVþ participants even after adjusting for peak viral load, nadir CD4%, non-English exposure, BMI z-score, caregiver education, and household income (adjusted estimate ¼ À0.21, P ¼ 0.032). There were no other significant associations.
Discussion
We examined relationships between serum levels of nine candidate biomarkers and neurodevelopmental outcomes in PHIVþ and PHEU youth from the PHACS/AMP cohort. The mean WISC-IV scores were in the low average-average range for the four index scores and did not differ significantly by HIV status. The SEMs suggested a significant negative relationship between the combined fibrinogen, CRP, and IL-6 factor and processing speed in the total cohort. This effect remained significant when examined among PHIVþ participants alone and after adjusting for HIV viral load and other relevant clinical and socio-demographic variables, suggesting a mechanism independent from HIV disease severity to which processing speed might be particularly sensitive.
In a typically developing brain, processing speed progressively increases throughout childhood and adolescence [15] , mirroring the ongoing process of white matter myelination which continues into late adolescence [16] . Data from neuroimaging studies suggest that white matter integrity and resulting efficiency in neuronal signal conduction determines the speed of information processing [17] . Thus, one way to interpret data from the present analysis is that combined levels of IL-6, CRP, and fibrinogen may be a marker of altered white matter myelination in the brains of PHIVþ youth. In particular, the presence of fibrinogen in the central nervous system (CNS) after blood-brain barrier (BBB) disruption induces rapid and sustained microglial activation with axonal and myelin damage [18] , which, along with changes in CRP and IL-6, may provide enough of an ensemble pro-inflammatory signal to ultimately affect processing speed. This hypothesis could be tested in a longitudinal study combining neuroimaging and neurophysiological studies, neurodevelopmental testing, and blood biomarkers. CFI, Comparative Fit Index; FSIQ, full scale IQ; ND, neurodevelopmental; PHEU, perinatally HIV-exposed uninfected; PHIVþ, perinatally HIVinfected; PR, perceptual reasoning; PS, processing speed; RMSEA, root mean square error approximation; VC, verbal comprehension; WM, working memory. F1 has loading factors to C-reactive protein, interleukin-6, and fibrinogen; F2 has loading factors to soluble vascular cell adhesion molecule-1 and soluble intercellular adhesion molecule-1; F3 has loading factors to soluble monocyte chemoattractant protein, soluble E-selectin, and soluble P-selectin. Overall models control for: FSIQ, PR, and the latent variable: HIV infection status, caregiver income, caregiver education, and BMI z-score; WM: HIV infection status, non-English exposure, and BMI z-score; PS: HIV infection status, caregiver income, and BMI z-score; VC: HIV infection status, non-English exposure, caregiver income, and caregiver education. PHIVþ only models control for: FSIQ, PR, VC, and the latent variable: peak viral load, nadir CD4%, non-English exposure, and caregiver education; WM: peak viral load, nadir CD4%, non-English exposure, and BMI z-score; PS: peak viral load, nadir CD4%, non-English exposure, BMI z-score, caregiver education, and caregiver income.
IL-6 is produced by multiple cell types, including endothelial, glia, T and B cells. Among its many roles, IL-6 induces B-cell proliferation and differentiation and IgG production, as well as T-cell growth and cytotoxic T-cell differentiation and macrophage differentiation [19, 20] . Importantly, latent HIV-1 infection in the CNS has been associated with elevated BCL11B, an epigenetic chromatin modifier associated with deregulation of IL-6 [21] . The relationship observed in the present analysis suggests that IL-6 might be involved in mechanisms of chronic CNS injury in PHIVþ youth, possibly by facilitating trafficking of activated T cells and macrophages across the BBB and perpetuating chronic microglia activation or even via direct neurotoxic effect [22] . In adult populations of HIVþ patients, IL-6 is weakly negatively associated with impairments in memory and learning [23] , but remains elevated in the cerebrospinal fluid (CSF) of treated patients, regardless of cognitive status [24] , suggesting persistent neuroinflammation despite suppressive ART. The absence of independent effect of IL-6 in linear regressions, and presence of significant effect of combined IL-6, CRP, and fibrinogen levels in the present study may suggest that a certain degree of systemic pro-inflammatory or pro-coagulant activity or both is needed to promote IL-6 activity associated with CNS injury in PHIVþ youth.
Although the model for PHEU participants did not converge, the persistence of significant relationship between 'factor F1' and processing speed in the total cohort after adjusting for HIV status leaves open the possibility that such relationship exists in PHEU youth, but perhaps to a lesser degree and, given the absence of HIV infection, via a different mechanism. Evidence suggests presence of abnormalities of fetal immune maturation associated with in-utero exposure to HIV which may persist into childhood in a subtle form even in the absence of perinatal HIV transmission, including lower naïve CD4 þ cell counts and thymic output in PHEU infants [25] ; presence of HIV-specific CD4 þ and CD8 þ T cells in PHEU children as old as 7 years [26] ; increased IgG, IgM, and IgA levels at 24 months of age [27] ; and altered cell-mediated or antibody responses to certain vaccines (Bacillus Calmette-Guérin, pertussis, pneumococcus, and tetanus toxoid) [28] . In-utero exposure to maternal infections and immune activation during critical times of development has been associated with increased risk of autism [29] , schizophrenia [30] , and bipolar disorder [31] . Bilbo and Schwarz [32] hypothesized that, following fetal exposure to maternal infection, a subset of glia cells enter permanently activated or primed state, resulting in overproduction of cytokines in response to subsequent immune challenges, with lifelong consequences for brain function. Similar mechanisms might plausibly be at play in PHEU youth. Finally, children born into and living in poverty (who are disproportionately vulnerable to perinatal HIV exposure in the US) may be at risk for chronically altered immune responses due to other nonspecific factors associated with socio-economic disadvantage. Meta-analysis of 32 studies reported strong inverse associations of CRP levels with measures of socioeconomic status and significantly higher CRP levels among members of nonwhite racial/ethnic groups relative to whites [33] . In the present analysis, the PHEU youth were more likely to come from families from the lowest income bracket than their PHIVþ counterparts.
Unlike our preliminary analysis [4] , and contrary to our hypothesis, this analysis did not indicate a significant relationship between sP-selectin and neurodevelopmental outcomes in either PHIVþ or PHEU youth, whereas fibrinogen was only significantly associated with processing speed outcomes in combination with CRP and IL-6. In the multivariate linear regressions, serum adiponectin levels were significantly associated with a higher FSIQ among PHIVþ youth and a lower FSIQ in PHEU youth, but this significance was lost in the SEMs. Such inconsistencies illustrate the limitations of singlemarker-oriented approach aimed at understanding physiological mechanism(s) that contribute to less optimal neurodevelopmental outcomes among PHIVþ and PHEU youth; rather, cause is almost certainly multifactorial. To address this issue, we expanded our analyses to include factor analysis of the nine biomarkers of interest and then used the resulting factors to build SEMs. Fibrinogen, CRP, and IL-6 grouped as one factor ('F1'); the two adhesion molecules (sICAM-1 and sVCAM-1), which are both considered markers of endothelial activation, formed another ('F2'); whereas sP-selectin (endothelial activation and procoagulant state marker), sE-selectin (endothelial activation marker), and sMCP-1 (inflammation marker) constituted the third factor ('F3'). The nonassociation of adiponectin with any of the factors coincides with its somewhat unique status as adipocyte-specific secretory protein which promotes insulin sensitivity [34] , as well as a role as modulator of endothelial inflammatory response [10] . In the SEMs, factors F2, F3, and adiponectin predicted no neurodevelopmental outcomes, perhaps suggesting that abnormalities of endothelial activation, metabolism and cell adhesion, which are known to occur in PHIVþ youth [35] are not as salient to CNS damage in PHIVþ youth as are chronic immune activation and residual inflammation which has been demonstrated even after 12 years of well controlled viremia in HIVþ adults [36] . The lack of significant association between blood sMCP-1 levels (either alone or as part of 'factor F3') with lower WISC-IV scores is consistent with previously reported experimental data in Simian immunodeficiency virus-infected macaques: blood levels of sMCP-1 did not predict CNS dysfunction, whereas CSFto-plasma sMCP-1 ratios above 1 predicted moderate-tosevere encephalopathy, suggesting that brain parenchyma was the main source of increased sMCP-1 production [37] .
The study has limitations. Due to the cross-sectional design, the temporality and causal direction of the observed associations cannot be inferred. PHEU youth from the AMP cohort provided a control for the effect of HIV infection, but not for the effect of in-utero exposure to HIV. Future studies should include a comparison cohort of generally healthy, demographically comparable youth without history of perinatal HIV exposure. Next, although processing speed index score provides a valuable measure of neurodevelopmental functioning, it is based on only two subtests of the WISC-IV. Whereas this limitation warrants careful interpretation of our finding, one potential clinical implication is that, if this finding is validated by future studies, processing speed could serve as a cost-effective screen for identifying those PHIVþ youth who need more thorough neurocognitive follow-up and appropriate accommodations as indicated. Finally, having chosen to focus on WISC-IV scores only, we did not evaluate the relationship between biomarker factors and behavioral outcomes. We intend to address this limitation in future longitudinal analyses which will be informed by the factor loadings presented here and include the BASC-2 scores as additional outcomes.
In conclusion, we observed a significant inverse correlation between serum levels of three combined pro-inflammatory markers (IL-6, CRP, and fibrinogen) and processing speed (measured by WISC-IV) in a subset of youth from the PHACS cohort. This finding suggests that residual inflammation may be associated with decreased processing speed in PHIVþ youth despite well controlled HIV disease. Decreased processing speed and aggregate increase in levels of fibrinogen, CRP, and IL-6 might have value in identifying PHIVþ youth, and, possibly, PHEU youth, who need more intensive neurocognitive follow-up. Longitudinal studies are indicated to elucidate the mechanisms of this association and assess potential clinical utility in predicting CNS impairment.
